The late-type Be star β CMi is remarkably stable compared to other Be stars that have been studied. This has led to a realistic model of the outflowing Be disk by Klement et al. These results showed that the disk is likely truncated at a finite radius from the star, which Klement et al. suggest is evidence for an unseen binary companion in orbit. Here we report on an analysis of the Ritter Observatory spectroscopic archive of β CMi to search for evidence of the elusive companion. We detect periodic Doppler shifts in the wings of the Hα line with a period of 170 d and an amplitude of 2.25 km s −1 , consistent with a low-mass binary companion (M ≈ 0.42M ⊙ ). We then compared the small changes in the violet-to-red peak height changes (V /R) with the orbital motion. We find weak evidence that it does follow the orbital motion, as suggested by recent Be binary models by Panoglou et al. Our results, which are similar to those for several other Be stars, suggest that β CMi may be a product of binary evolution where Roche lobe overflow has spun up the current Be star, likely leaving a hot subdwarf or white dwarf in orbit around the star. Unfortunately, no direct sign of this companion star is found in the very limited archive of International Ultraviolet Explorer spectra.
INTRODUCTION
Classical Be stars are the best-studied example of rapidly rotating massive stars. These stars are non-supergiant B stars that show Balmer emission at least some of the time. Through yet undetermined processes, the star forms a thin gaseous equatorial decretion disk that rotates in a Keplerian manner (Kraus et al. 2012 , Wheelwright et al. 2012 ). This disk is the source of the emission lines, produces an infrared excess, and can polarize the starlight by a small amount. The processes leading to the Be phenomenon are not understood, but there seems to be no significant changes in the frequency of Be occurrence from inferred ages of clusters containing Be stars (e.g., Abt 1979; McSwain et al. 2005 ).
β CMi (B8Ve) was recently modeled by Klement et al. (2015) . The star was used to develop and fully test the viscous decretion disk models (Lee et al. 1991; Saio 1991; Carciofi et al. 2006 ) because of its relatively low amount of variability. A detailed history of the work on the star is included in Klement et al. (2015) , and we outline the most important observational results here. The star is located about 50 pc away, with no measurable reddening towards the star so that the measured colors agree well with expectations for the spectral type. The disk was best modeled to have an inclination of 43
+3
• −2 • , with a position angle on the sky of 133
+4
• −3 • , measured from north to east. The star is rotating very near the critical rate (W 0.98). The star was suggested to be a binary by Jarad et al. (1989) , but the results had not been confirmed. More recently, Folsom et al. (2016) presented an analysis of weak V /R ratio variations (i.e., the ratio of the violet and red peak heights in a double-peaked emission line) with a period of 182.83 d. Klement et al. (2015) found that to match the long-wavelength (radio) portion of the SED, the decretion disk surrounding the Be star must be truncated at a relatively small radius from the star (35 +10 −5 R eq ). Theoretical expectations for Be disks predict that the disk should flow outward with a slowly increasing radial velocity and decreasing density all the way out to the sonic point in the disk, which is defined as where the outflow velocity equals the local speed of sound (Rivinius et al. 2013 ). This point is typically at a distance of few 100 stellar radii, much larger than the disk in the β CMi system. In a binary system, hydrodynamical simulations show that the companion star truncates the disk with a steep fall-off in density somewhere between the 3:1 and 2:1 resonance radius (the exact locations depends on the viscosity parameter and on the binary mass ratio; Okazaki et al. 2002; Panoglou et al. 2016 ).
There were three additional indications of the binary nature of β CMi from the analysis of Klement et al. (2015) . First, the calcium triplet (Ca II λ8498, 8542, 8662Å) was found to be in emission with stronger emission than the hydrogen Paschen series. Polidan (1976) suggested that such emission was linked to binarity of Be stars. The Ca II λ3934 line has an emission component narrower than the photospheric absorption. These Ca II emission features all point towards an origin in the outer disk, rather than the rapidly-rotating inner disk. Lastly, the ultraviolet C IV λ1548 resonance line is present, showing signs of a wind moving at ∼ 230 km s −1 . This is not expected for such a late-type B star, and the velocity is quite slow, suggesting it may be from interactions between a hot secondary and the outer disk.
In addition to truncating the disk, the binary companion can perturb the disk density structure. For example, Panoglou et al. (2016) showed how the companion can create standing density waves in the disk that are phase-locked to the binary, when the orbit is circular or of moderate eccentricity. Consequently, the weak V /R variations with a 183 d timescale reported by Folsom et al. (2016) are another hint of the possible presence of the binary companion.
Given the large amount of circumstantial evidence pointing to a binary companion around β CMi, it is important to attempt a firm detection of this companion star or its orbital motion. This paper aims to examine the properties of the Be star β CMi in the context of disk truncation and standing density waves caused by a binary companion. We have observed β CMi since the year 2000 with high resolution optical spectroscopy. The observations are presented in §2. In §3, we present our single-lined spectroscopic orbit of the system. In §4, we search for variations in the density of the disk relative to the binary orbit. We discuss these findings in §5 and conclude our study in §6.
OBSERVATIONS
We collected 124 high-resolution spectra of β CMi between 2000 January 28 and 2016 May 6 with the 1.06-m Ritter Observatory telescope and a fiber fedéchelle spectrograph. Theéchelle spectrograph produces spectra with a resolving power of R = 26, 000. Prior to 2007 April, the spectra were recorded on a 800 × 1200 pixel EEV CCD05-20-0-202 with 22.5µm pixels. The resulting spectra included nine non-adjacentéchelle orders spanning 5280Å to 6600Å. The detector was upgraded in 2007 April to a Spectral Instruments 600 Series camera, with a 4096 × 4096 pixel CCD with 15µm pixels. The new detector expanded the spectral range of alléchelle orders, and extended the total coverage to span from ∼ 4300 − 7000Å across 21 orders, with some order overlap in the blue. Unfortunately, the blue range of the spectra are fairly noisy due to the combination of fiber losses and instrumental response.
In general, one spectrum was obtained per night, but occasionally several spectra were obtained in a single night. We treated the consecutive observations as independent measurements rather than co-adding the nightly spectra, and the agreement in measurements was within the formal errors of the measurements. The order containing Hα typically had the best quality of the recorded spectrum, with a S/N ≈ 75 − 120 per pixel. The data were all reduced with standard IRAF 1 procedures to remove bias frames and flat field theéchelle apertures. Wavelength calibration was accomplished with exposures of a ThAr lamp, with typical residuals of the fit on the order of < 0.01Å (< 0.4 km s −1 ). The Hα region was telluric corrected by means of template spectra created with observations of rapidly rotating hot stars from the same instrument, and then adjusted interactively with the IRAF task telluric.
A SINGLE-LINED ORBIT FOR β CMi
Our optical spectra are of reasonably good quality (S/N ≈ 75 − 100) in the red portion of the spectrum. In the wavelength regions where the better signal may allow us to measure weak photospheric absorption lines for radial velocities, the best lines are the Si II λλ6347,6371 absorption lines. Unfortunately, these lines are very weak in latetype main-sequence B stars, and the rotational broadening of these lines (v sin i = 270 km s −1 ; Klement et al. 2015 ) coupled with the depth of a few percent of the continuum level, makes it difficult to measure accurately the radial velocities in spectra with S/N ∼ 100. Errors on measurements of these lines were on the order of 10-15 km s −1 . The deeper photospheric absorptions occur in the blue parts of the spectrum (e.g., He I 4471, Mg II 4481) which typically have a S/N 50, making radial velocity measurements difficult to extract either via cross correlation or through Gaussian fits. Hβ has a similar low quality, with emission from the Be disk contaminating the core of the absorption.
For these reasons, the best line to study in this data set is the Hα line. The line shows photospheric absorption wings at high velocities and a double-peaked emission in the line core, as shown in the example spectrum in Fig. 1 . Note that although the older camera setup does not allow us to fully reach the continuum in the 90Å spectral window, the flux should be within a percent of the continuum at high velocities, based on our comparisons to the photospheric model presented in Klement et al. (2015) . We measured the bisectors of the line wings using the cross correlation method described by Shafter et al. (1986) . This method has successfully been applied in multiple studies of Be binaries to find small companions, such as γ Cas (Smith et al. 2012) . The benefit of this technique is that it samples the fastest moving gas in the disk emission, which is the gas closest to the star in a Keplerian rotating disk, and should represent motion of the Be star and not structures in the disk.
The differential radial velocities (Table 1) were measured with errors of σ 0.7 km s −1 using the methods described in Grundstrom (2007) , and had a range of ±5 km s −1 . We then examined the Fourier transforms of the radial velocities with the Period04 routine (Lenz & Breger 2005) . Our time-series analysis yielded a significant peak with f = 0.00587 ± 0.00014 cycles d −1 , or a period of P = 170.36 ± 4.27 d. This peak had a signal-to-noise ratio of ≈ 4.5, implying that this period is significant to 4.5σ. The phased radial velocity curve is shown in Figure 2 . We held the period constant and fit a single-lined orbit. An elliptical and a circular fit yielded indistinguishable results when using the probability test for elliptical solutions of Lucy (2005), so we adopt the circular orbit shown in Fig. 2 with orbital elements given in Table 2 . Note that the scatter about the fit is about the same as the amplitude of the fit, which is larger than the individual errors of each radial velocity point. This increased dispersion is likely caused by randomly varying small-scale structures in the disk (e.g., as the result of non-asymmetric mass ejections from the central star). To reduce this dispersion, we averaged the points in phase bins, and calculated the error of the mean for each phase bin, as shown in the right panel of Fig. 2 . These results reveal a statistically significant amplitude of K 1 = 2.3 ± 0.4 km s −1 , which corresponds to a 5σ detection. If we phase the velocities on other potential periods, such as the 182.8 d period found by Folsom et al. (2016) , the sinusoidal pattern is not as obvious.
We also attempted to use the techniques used previously for the Be stars known to have hot subdwarfs in their UV spectra (Gies et al. 1998 , Peters et al. 2008 . Unfortunately, only four spectra exist in the IUE archive for β CMi, which makes direct detection of the newly found companion unlikely for the given dataset. Nevertheless, we constructed cross-correlation functions between the observed spectra and the TLUSTY models (Lanz & Hubeny 2007) , and shifted these with respect to the expected mass ratio of the system. We performed this in both the entire UV range (1150-1900Å) and in a short-wavelength range (1150-1200Å) optimized for these searches. No positive detection was made, primarily due to the inherent noise of the IUE data and the limited data set. Such detection will likely require the use of HST/STIS for a direct detection in the future. Their results indicated a periodicity of the V /R variations with a period of 183 d, similar to our measurement of the orbital period (P = 170.36 d). Since current modeling of Be binaries shows disks with density waves driven by the tidal influence of the secondary (Panoglou et al. 2016) , it is worth looking for structure in the Hα V /R variations as a function of orbital phase. Since the violet (V ) and red (R) peak heights sample the density in the approaching and receding portions of the disk, respectively, we should expect to see a periodic V /R variation as the tidally induced density wave moves around the disk synchronously with the binary.
In Fig. 3 , we plot the V /R ratio as a function of orbital phase for the optical Hα line obtained with Ritter Observatory. These measurements are included in Table 1 . The V /R measurements were made by fitting two Gaussians to the double-peaked emission, with no removal of the continuum. Error bars were estimated by adding in quadrature the contributions of the noise in the continuum placement and the errors on the fits of Gaussians. We did not subtract the photospheric contribution from the V or R peak height in the calculation of V /R.
An analysis of the V /R variations, weighted with the corresponding error bars, of Hα with the Period04 software (Lenz & Breger 2005) revealed the strongest frequency corresponded to a period of 347 d, or roughly twice the orbital period. A secondary frequency near the orbital frequency is marginally detected. Upon phase-binning the data in the same manner as the orbital analysis ( §3), we find that there is some moderate variability present at the ∼ 1% level. Namely, the V /R ratio mimics the radial velocity (peak near phase 0, minimum near phase 0.5). We fit this binned V /R curve with a simple sine wave forced to the orbital period, to obtain an amplitude of 0.0020 ± 0.0003, and that the maximum is at phase φ = 0.03 ± 0.03, verifying the visual estimates of the variability.
DISCUSSION
The cause of rapid rotation in the classical Be stars is still a debated issue. McSwain & Gies (2005) show that most Be stars are somewhat evolved and that the frequency increases with age, although there are some young Be stars near the zero-age main-sequence stars. In order to reconcile the ages and spin rates of Be stars, some authors have discussed a redistribution of internal angular momentum as the stars conclude their core H-burning that spins up the outer layers of the star as the core contracts (e.g., Ekström et al. 2008 ). Another possibility is that Be stars are the product of binary interaction processes, which likely dominates the evolution of massive stars (Sana et al. 2012 , de Mink et al. 2013 ).
In the case of β CMi the binary evolution channel is a likely mechanism for understanding the evolution of the system and the critical rotation rate of the primary B8Ve star (Klement et al. 2015) . Vanbeveren et al. (1998) describe a probable evolutionary channel for the early Be star φ Per, which was discovered to have a hot subdwarf companion by Gies et al. (1998) using ultraviolet spectroscopy. Recently, the companion has also been detected directly through interferometry (Mourard et al. 2015) . In the case of φ Per, Vanbeveren et al. (1998) describe how a system that began its life as a 6 + 5M ⊙ with an orbital period of 13.5 d undergoes conservative Roche lobe overflow. In this situation, the more massive 6M ⊙ star loses mass to the mass gainer (the 5M ⊙ star) until the star has only ∼ 1.5M ⊙ of material. Then, as the Roche lobe overflow ends, the secondary star has 9.5M ⊙ of material and is rotating at a critical rate. This star becomes the dominant light source and a Be star with a small, 1.5M ⊙ companion with a long orbital period of 126 d. This situation appears to be common for a wide variety of Be stars. Similar direct ultraviolet detections of hot subdwarf companions have been accomplished for FY CMa (Peters et al. 2008) , 59 Cyg (Peters et al. 2013 ), HR 2142 (Peters et al. 2016) , and o Pup (Rivinius et al. 2012 , Koubský et al. 2012 ) all with small mass functions in the range of 2 × 10 −3 − 1.3 × 10 −2 M ⊙ . Other Be binaries that have not had direct detections of the companion stars such as γ Cas (Smith et al. 2012) or ζ Tau (Ruždjak et al. 2009 ) also show similar mass functions (f (M ) = 1 × 10 −3 and f (M ) = 6 × 10 −3 respectively) that indicate low-mass companions. The mass function of the single-lined orbit we derived for β CMi (f (M ) = 2.0 × 10 −3 M ⊙ ) is indicative of a very low mass companion, similar to the aforementioned Be binaries with ultraviolet detections of the companions. Matson et al. (2015) investigated the binary system KOI-81 to find that the primary B8V star was orbiting a hot subdwarf companion that may have a similar evolutionary history as β CMi. If we assume the primary has a similar mass to the primary of KOI-81 (M = 3M ⊙ ; Matson et al. 2015) and that the orbit is coplanar with the Be disk that has been resolved with interferometry and modeled by Klement et al. (2015) to have an inclination of i = 43 +3 • −2 • , then the mass function yields an estimate of the secondary mass of M 2 ∼ 0.42M ⊙ . If we adopt the primary mass of M = 3.5M ⊙ as presented in Klement et al. (2015) , the secondary mass is slightly larger with M 2 ∼ 0.46M ⊙ . Such a system bears remarkable similarity to the white dwarf companion discovered around the B9V star Regulus . Klement et al. (2015) found the disk of β CMi to be truncated at 35R eq = 146R ⊙ . At that distance, a particle in orbit around the 3 − 3.5M ⊙ star would have an orbital period of 109 − 118 d, which is close to the 3:2 resonance with our derived orbital period of 170.4 d. This result is, therefore, in rough agreement with the predictions of Klement et al. (2015) for the location of the truncation radius. The binary companion thus provides not only a mechanism for the truncation of the disk, but also a simple explanation for the location of the truncation. At this time, there are not enough disks shown to have truncation and resonances with the companion to see what resonances are preferred for such a mechanism, but Klement et al. (2016, submitted) found evidence of disk truncation in 5 of 6 cases showing that unseen binary companions may be quite common.
Lastly, we return to the models of Be systems with companions in coplanar orbits to the Be disk (Panoglou et al. 2016) . The images (Fig. 4 of Panoglou et al. 2016) produced in these models suggest the largest density perturbation occurs at the sub-companion point in the disk. Our V /R measurements (Fig. 3) show that indeed the Hα line shows weak variations on the orbital time scale, with the radial velocities being synchronized with the V /R variations (compare Fig. 2b and Fig. 3b ). When the primary star approaches us (φ = 0.5), the spiral arm on the side of the disk facing the companion would also be approaching us. If this enhancement causes increased emission, then the red peak would increase, causing a small decrease in V /R, as seen in Fig. 3b . Conversely, at phase φ = 0, there is a corresponding increase in V /R. Further observations are necessary to confirm this relationship, although several other binary Be stars show orbital phase-modulated V /R variations (e.g., φ Per; Gies et al. 1998 ).
CONCLUSIONS
This study into the disk and properties into the late-type Be star β CMi has found the following properties:
• β CMi is a binary star system, with an orbital period of 170 d, and an amplitude of 2.25 km s −1 . The derived mass function is indicative of a small companion.
• The V /R measurements of the Hα profile show that the V /R behavior correlates with the orbit, showing that the outer disk structure is driven by the companion star.
• Lastly, the properties of the system shows that the system is a strong candidate for past Roche lobe overflow in the system causing a mass reversal and spinning up the now-primary star.
Future studies of β CMi should focus on improving the orbit through analysis of photospheric lines. Likely, this means collecting high-resolution blue spectroscopy to sample lines such as He I or Mg II. The largest difficulty is obtaining high precision velocities with the rapid rotation, but this has been accomplished for the rapid rotator Regulus . Follow-up spectroscopy in the ultraviolet could easily show the spectroscopic signs of the companion, as evidenced by the results of Matson et al. (2015) , Peters et al. (2008 Peters et al. ( , 2013 Peters et al. ( , 2016 , or Gies et al. (1998) . Lastly, emission lines that form at very large radii should be investigated to look for further structure caused in the presence of a companion star. The long-term stability of the Be disk in the presence of the companion star should allow for new constraints and insights into the Be phenomenon.
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